B
OTH fat mass and adipocyte function change during aging (1, 2) . Fat mass has been shown to increase until middle age or early old age, followed by declining fat mass in aging humans (1) and rats (3, 4) . The increase in fat mass is a result of an increase in both fat cell number and size in humans, rats, and monkeys (3, 5, 6) . The decrease in fat mass in senescent rats is a result of decreased fat cell size, not a result of decreased fat cell number (2) . Fat cell number continues to increase (epididymal fat depot) or remains stable (perirenal fat depot) in the senescent rats in which fat mass decreases (4) .
Preadipocytes are progenitor cells and can differentiate into fat cells which store the lipid droplet. These preadipocytes exist throughout the life span (2, 7, 8) . The number of preadipocytes increases or remains stable with age (9) . However, the intrinsic preadipocyte replication potential and the capacity of preadipocytes to differentiatewere observed to decline with age in both rats and humans (7, 8, (10) (11) (12) (13) . Fat cells in senescent animals can develop from preadipocytes even though the capacity to fully differentiate is reduced. Such fat cells may have a reduced lipogenic capacity, resulting in decreased cell size. Thus, the decline in preadipocyte capacity for fully differentiating may contribute to the decrease in fat mass with aging.
During differentiation, coordinatedtranscriptional activation of many genes, such as adipocytedetermination-and differentiationdependent factor l/sterol regulatory element binding protein 1 (ADDl/SREBPl), peroxisome proliferator-activatedreceptor "! (pPAR,,!), CCAAT/enhancer bindingproteina (C/EBPa), lipoprotein lipase (LPL),GLUT4 glucosetransporter, and adipsinoccurs. Thesegeneproductsare believed to be important for the acquisition and maintenanceof the adipocytephenotype (14, 15) .The mRNA levels of LPL, glycerol-3-phosphate dehydrogenase (G3PD), adipocyte fatty acid binding protein (aP2), and adipsin were decreased with age in the differentiatedadipocytes of rats (2, 8, 16 ).
Thus, aging affectsthe expressionof adipocytedifferentiation relatedgenes,whichmay leadto the decreased capacity for fulldifferentiation. However, the effectsof agingupon the expressionlevels of the transcription factors, PPAR"!, C/EBPa andADDI/SREBPl, whichplayimportantrolesin coordinated transcriptional regulation duringadipocyte differentiation (14, 15, (17) (18) (19) (20) (21) , havenot been previously investigated. Thus, we have examined the mRNA levels of thesegenes,as wellas otheradipocyte differentiation-related genes, including LPL, GLUT4,and adipsin, in the adiposetissueof rhesus monkeys to elucidatethe effect of aging on genes involvedin the adipocyte differentiation program.
METHODS

Animals
Twenty adult rhesus monkeys (Macaca mulatta) (7 to 30 years) were used in this study.Either Ensure (Ross Laboratories, Columbus, OR), a nutritionally complete liquid diet, or monkey chow (Purina Mills Inc., St. Louis, MO) and fresh water were provided for 8 hours per day ad libitum to individually housed monkeys. Their body weights ranged widely from 7.2 to 22.6 kg. Monkeys with type 2 diabetes were not included in this study; thus, all monkeys had normal plasma glucose levels (~.O mM). Some monkeys were obese (body fat >22%) and had hyperinsulinemia; therefore fasting plasma insulin varied widely from 174 pM to 1494 pM. The monkeys were maintained according to the National Institutes ofHealth Guide for the Care and Use ofLaboratory Animals.
Experimental Procedures
Plasma samples were obtained following a 16-hour fast from monkeys which were under light anesthesia (ketamine hydrochloride 10 mg/kg body weight). The plasma samples were B184 HOTTAETAL.
kept frozen for later assays. The adipose tissue samples were taken under fentanylor ketamine hydrochloride anesthesia from the subcutaneous abdomen just below and lateral to the navel. Tissues were flashfrozen and stored at -80°C.
Northernand SlotBlotAnalyses
Total RNA was extracted from tissues using TRlzol reagent (Life Technologies, Bethesda, MD). The concentration of total RNA was determined by measurements of absorbance at 260 nm. For Northernblot analysis,5 ug total RNA was separatedon 0.8% agarose containing 2.2 M formaldehyde. The RNA was transferred to Nylon membranes (Hybond-N, Amersham Corp., Amersham, UK). To measure the relative mRNA levels of PPAR)', ADD lISREBP 1, CIEBPa, GLUT4, LPL, adipsin, and heat shock protein 83 (HSP83), slot blot analysiswas performed. We used HSP83 as an internalcontrol (22) .Three micrograms of total RNA was appliedon Nitrocellulose(Bio-RadLaboratories, Hercules,CA), an amount which was withinthe binding capacity of the membrane. The filters were hybridized as describedpreviously (23) . The relativeamounts of mRNAs were quantitated by densitometry(MolecularDynamics,Sunnyvale, CA).
DNA Probes
The cDNAs utilized as probes in Northern and slot blot analyses were prepared as follows. Primers were synthesized using sequences previously published for human PPAR)'2 (24), CIEBPa (25) , LPL (26), GLUT4 (27) , ADDlISREBPl (28), and adipsin (29) . To facilitate cloning, each primer contained additional 5' sequences encoding the EcoRl, XhoI, or XbaI restriction site.
ADD lISREBP1:
5'-CGCGTCTAGAACCfGGCAGAGTGTGCAGGGGXf-3' and 5'-CGCGCTCGAGTCTCACAGATGGTCAGGCTGGCT-3'; PPAR-y2:
5'-CGCGCTCGAGATATCACTGGAGXfCTCCGCCAA-3' and 5'-CGCGCTCGAGGTCTGTCTCCGTCTTCTTGATCA-3'; ClEBPa.:
5'-GCGCGAATTCAGGCCAAGAAGTCGGTGGACAA-3' and 5'-CGCGCfCGAGAGTTGCCCXfGGCCTTGACCAA-3'; lPL:
5'-GCGCGAATTCAAGGACCCCfGAAGACACAGCf-3' and 5'-CGCGCTCGAGGCCACGGTGCCXfACAGAGAAA-3'; GLUT4:
5'-GCGCGAATTCGACGXfTCCTCXfTGGCGCCfA-3' and 5'-CGCGTCTAGACCGCAACXfACfGGAAACCCXf-3'; adipsin:
5'-GCGCGAATTCGGTGGCGGAGCGGTGGGTGCfGA-3' and 5'-CGCGCTCGAGTGGTGCGTGCGCCGGTTGCAGGT-3'.
Reverse-transcription reactionwas carriedat 25°C for 10 minutes Ci/mmol, Amersham), using Random Primers DNA Labeling System(LifeTechnologies). The probefor HSP83 waspreparedas described before (23) .
AnalysisofSplicingAlternatives ofMonkeyPPAR)'
The ratioof PPAR)'2mRNA levels to totalPPAR)' mRNA levels (sum of PPAR)' 1 and PPAR)'2) was measured as described (30, 31) .The following PeR primers were synthesized according to monkey PPAR)'1 and PPAR)'2 sequences (31). 5'-GGATCT GTTCTTGTGAATGGAA-3' (3' primer, common to both the PPAR)'1 and )'2 sequences), 5'-GAAAGAAGCCAACAC TAAACCA-3'(specific to the PPAR)'1 sequence) and 5'-CACT GTCTGCAAACATATCACA-3' (specific to the PPAR)'2 sequence). Reversetranscription wasperformedusingthe sameconditionsdescribed above. PeR was performed using three primers in the same reaction concentration as described above except adding 1 JlCi/tube of ex-eZp]dCTP (3,000 Ci/mmol, Amersham). Twentycyclesof PeR, which was withinthe logarithmic phase of amplification, were performed.The length of 254 bp of PPAR)'1 and 205 bp ofPPAR)'2 PeR products were radiolabeled, which were separated on an 8% polyacrylamide gel. Autoradiography was performed after the gel was dried. The relative amounts of PPAR)'l and PPAR)'2 were quantitated by densitometry (Molecular Dynamics) and corrected for GC content and the lengths of each PCR product. To determine if these two mRNA splicing variants were being amplifiedin an unbiased manner, a validation experimentwas performed, In vitrosynthesized monkey PPAR)'l and PPAR)'2 mRNAs (usingT7 RNA polymerase,Life Technologies) were mixed in varyingratiosand were measuredas described above. The observed ratio of PPAR)'2 mRNA to total PPAR)'mRNA (%PPAR)'2) washighlycorrelatedto the expected ratio (r = .990).A cycle titrationrevealedthat the logs of the relative amounts of the PCR products (both PPAR)'1 and PPAR) '2) were highlycorrelatedto the number of cycles (in the range 19 to 25 cycles,r =.997),indicatingthat20 cycleswas within the logarithmicphase of amplification. These data confirmedthat the two splicing mRNA variants werebeingamplified in an unbiasedmanner and providedvalidation of thismethod.
OtherAssays
Plasma glucose concentrations were determined using a Beckman glucose autoanalyzer II (Beckman Instruments, Fullerton, CA). Plasma insulin levels were measured by radioimmunoassay (32) . Body fat was measured by the tritiated water dilution method (33) .
Statistical Analysis
Linear relationships between key variables were tested using Pearson's correlation coefficient.Multiple-regressionanalysis was performed to evaluate the relationships of age, body weight,body fat, fastingplasma glucose, and fastingplasma insulin to the adiposetissue mRNA levels.
REsULTS
The body weights of these adult monkeys varied widely (mean ± SE: 14.1 ± 1.1 kg, range: 7.2-22.6 kg) and did not show a significantcorrelation with age, whereas percent body fat and fat weight increased with age (Table1). Fasting plasma glucose levels (3.7 ± 0.1 mM, 2.7 to 5.0 mM) were within normal range, as diabetic monkeys were excluded from this sample; however, glucoselevelsincreasedslightly with age. Fasting plasma insulinlevels (695 ± 111 pM, 174 to 1459pM) in these monkeysalso were not significantly correlatedwith age.
Northernblot analysisrevealedthat each probe hybridizedto one specific band, verifying thattheseprobes couldbe usedfor slot blot analysis ( Figure IA) . We nextexamined the mRNAlevels of these genes by slot blot analysis. The mRNA levels of ADDlISREBP1, PPAR)', LPL,andGLUT4weresignificantly inverselycorrelated with age (Table 1, Figures1B, 2 ), but werenot correlated witheitherbodyweightor fasting plasmainsulinlevels ( Table 1 ).The mRNA levels of CIEBP<x decreased slightly,althoughnot significantly, withaging. The mRNAlevels of adipsin, however, were not related to age (Table 1, Figures IB, 2) . The mRNAlevels of HSP83, whichwe usedas an internal control, did not showanychanges withage (Table 1,Figure2) .The addition of otherfactors, thatis,bodyweight, bodyfat, fasting plasmaglucose, and fasting plasma insulin, did not improve the fit of the linear model of the mRNA levels(PPAR)'and LPL) and age. The percent body fat improvedthe linear model of the mRNA levels of ADDlISREBPI and GLUT4 and age.Longitudinal studies have revealed thatmanyrhesus monkeys spontaneously develop obesity at middle age. Manyof theseobesemonkeys go on to develop type 2 diabetes.When aging rhesus monkeyslose weight, lean body mass declines (34) ,whereas plasmaglucose, andpercentbodyfat increase withaging. Thus,the inverse correlation betweenpercent body fat, and the mRNA level of ADDliS REBP1 and GLUT4 may be the resultof an age-related decrease of mRNAexpression and age-related increase of plasmaglucose andbodyfat (Table 1) . Figure 2 . Relationship between age and the mRNA levels ofADD lISREBPl, PPARy, CIEBPa., LPL, GLUT4, and adipsin in the adipose tissue of 20 rhesus monkeys. The mRNA levels of each gene were measured by densitometry of slot blot hybridization as described in Methods. The ratio of PPARy2 to total PPARy (pPAR-y1 and PPAR-y2) rnRNA (%PPAR-y2) was determined as described in Methods.
When percent body fat was excluded, the addition of other factors (body weight, fasting plasma glucose, and fasting plasma insulin) did not improve the linear model of the mRNA levels (ADDIISREBP1 and GLUT4) and age. Adjustment of each mRNA level for HSP83 produced similar correlations with age to those shown in Figure 2 (unadjusted for HSP83 plays an important role in adipocyte differentiation through increasing the activity ofPPARy (14, 15) . We have shown that the mRNA levels of PPAR')', CIEBPa, andADDlISREBPI decrease with age in rhesus monkeys. This reduction in mRNA levels may result from failure of adipocytes in aged animals to befully differentiatedcompared to younger animals. The downregulation ofPPAR')', CIEBPa, and ADD lISREBP 1 with aging in the adipose tissue of monkeys could also be due to the decreased capacity of preadipocytes to differentiate, which was reported in humans and rats (7, 8, 10, 12, 13) . PPAR')', ClEBPa, and ADDliSREBP1 regulatemany fat-specificgenes including LPL and GLUT4, as well as triggerthe program of adipocytedifferentiation. Thus, the decreasedmRNA expressionof LPL and GLUT4 would be the result of the decreased expression of PPAR')' , CIEBPa, andADDlISREBPl. LPL and GLUT4playimportant rolesin lipogenesis, andlipogenesis has also been reportedto decrease with age (2).The decreasedmRNA expression ofLPL and GLUT4may therefore be relatedto reducedlipogenesiswithage.Thus,the adipocytes of senescentanimalsmay not storeas muchlipidas thatobservedin youngeranimalsbecause of decreased expression of lipidmetabolism-related genes,whichin tummaybelinked to reducedfatmassin senescent animals.
The age-related decreases in the mRNA levels of PPAR')', CIEBPa, ADDlISREBPl, GLUT4, and LPL were coordinated. Gene transcription of many transcriptional factors occurs as a cascade during adipocyte differentiation. The regulation of this cascade may be by PPAR')' itself or by ADDl/SREBPI itself (14, 15) . These transcriptional factors also include CIEBP~and CIEBPB, which are involved in the transcriptional control of PPAR')' (35) . Thus, PPAR')' itself or ADDlISREBPl itself, or CIEBP~, CIEBPB, or other unknownfactors may coordinately regulate the expressionofPPAR'Y, CIEBPa, ADDlISREBPI, GLUT4, and LPL, and this regulationmay decreasewith age, and appears to precede thelossof fat masswithsenescence.
ThemRNAlevels of adipsin werenotcorrelated withagein the monkey, thus, theeffect ofaging on themRNA levels of adipocyte differentiation-related genesis not uniform, ThemRNAlevels of adipsinwere previously reportedto decreasewithage in the rat (16) . Thus,theremaybespecies differences in theeffectof aging on theseadipocyte mRNA expression levels. Thepresent data suggestthepossibility thataging affects theregulation of theadipocyte differentiation program, andthatthiseffect is genespecific.
